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Abstract
Nano-composite ion-exchange membranes (IEMs) consisting of graphene oxide (GO) (0.5, 1, 2,
5 and 10%) (w/w) and sulfonated polyethersulfone (SPES) of thickness 180 um are prepared
with enhanced electrochemical properties. In particular, the transport properties of SPES are
favourably manipulated by the incorporation of GO. Intermolecular interactions between the
components in composite membranes are established by FTIR. Membranes are characterized by
transmission electron microscopy (TEM) and scanning electron microscopy (SEM) which
showed the uniform distribution of GO sheets in SPES matrix. The maximum ionic conductivity
has been found in 10% GO composite with higher methanol crossover resistance and selectivity.
Water desalination performance of the nano-composite membranes have been evaluated by ionic
flux, power consumption and current efficiency during salt removal. 10% GO nano-composite
membrane shows 3.51 mole m™ h™ ionic flux, 4.3 kWh kg power consumption and 97.4%
current efficiency for salt removal. The values of ionic flux and current efficiency are 19% &
12% higher respectively while 20% lower power consumption is observed as compared to SPES
membrane. The strong interfacial interactions due to the insertion of GO nanofillers into the
SPES matrix improve the thermal and mechanical properties of the nanocomposite membranes.
Nano-composite membrane shows the better performance and higher stability which may be

used for the practical application such as DMFC and electrodialysis.
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Introduction:

Energy and fresh water are demands on priority of today’s world. Researchers are constantly
developing techniques to fulfill such requirements. Fuel cell technology is one of the best
alternate of conventional energy generation methods. Polymer electrolyte membrane fuel cells
(PEMFC) are devices with advantage of high power density and better efficiency [1-4].
Electrodialysis is a process for removal of ions from brackish or sea water to produce fresh water
including waste water treatment to recover some valuable elements in chemical industry [5-7].
Both the processes employ ion exchange membrane (IEM). IEMs for electrodialysis and fuel cell
must exhibit high ionic conductivity, high permselectivity for counter ions, high chemical
stability and low fuel permeability [8, 9]. Different types of membranes have been developed
suitable for above applications using several polymer/organic or inorganic material. Such kinds
of membranes own the better physiochemical properties and also incorporate the advantages of
membrane forming attribute of polymers [10, 11]. Different materials that are being used for
nanocomposite membranes are silica, carbon naotubes, grapheme oxide etc. Composites of
polymers with Carbon nanotubes (CNT) have been reported for water treatment application [12].
Vertically aligned CNTs has also been utilized to measure desalination efficiency under pressure
driven conditions [13]. SPEEK/silica membrane has been reported for direct methanol fuel cell
(DMFC) application and shows better performance [14]. Thus incorporation of organic or
inorganic material into polymer matrix not only enhanced the properties but also expand the
application region. Graphene Oxide (GO) is emerging as an efficient material whose composite
with polymer can be utilized for many applications such as biosensors, super capacitors, fuel cell
etc [15-17]. The fascinating properties of GO e.g. high surface area, excellent mechanical
strength etc. makes it a distinct material to be used as organic filler for nanocomposite membrane
[18-19]. Poly (ethylene oxide) (PEO)/GO electrolyte membrane was prepared by Cao et. al. for
low temperature fuel cell [20]. Polysulfone/GO membrane with enhanced hydrophilicity was

prepared by B. M. Ganesh et. al. and used for rejection of salts from water [21].

Herein, we demonstrate the fabrication of SPES/GO composite membrane for fuel cell and
electrodialysis application. Membranes containing various weight content of GO (n=0.5, 1, 2, 5
and 10%) are prepared and designated as SG-n. Physical and electrochemical characterizations
of prepared membranes are made using different techniques. Investigations of ion exchange
capacity (IEC), water uptake are done and their performance towards water desalination is

presented in manuscript.
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Experimental:
Materials and Methods:

Graphite powder is purchased from Sigma Aldrich. Poly(ether-sulfone), obtained from Solvay
chemicals, India, is used after drying under vacuum. Other chemicals are obtained commercially
and used as received without further purification.

Graphene oxide is prepared using modified Hummer's Method [17]. Typically in a round bottom
flask 1gm graphite, 1gm NaNO; and 46 ml H,SOy are taken and stirred for 2 hour in an ice bath
at 0-5°C. 8 gm KMNO,4 was added in above solution with stirring at room temperature for 4
hour. Now 80 ml water is added drop wise with stirring for 3 hour as it produces enormous
amount of heat. Finally, 200 ml water and 5% H,0, is added and washed repeatedly and
centrifuged to recover GO. Sulfonation of PES was carried out as reported earlier using conc.
H,SO04 (95-98%) [22]. Known amount of GO is dissolved in N-N' dimethylacetamide and
sonicated for 3-4 hour for uniform dispersion. Definite quantity of SPES polymer is dissolved in
the GO solution with stirring for 4 hours followed by further sonication for 6 h. Resulting
solution was cast on glass followed by vacuum drying. Membranes with different GO
concentration (0, 0.5, 1, 2, 5 and 10 %) (w/w) are prepared and designated as SPES, SG-05, SG-
1, SG-2, SG-5 and SG-10 respectively. The schematic representation for graphite to composite
membrane preparation is shown in Scheme 1. Polyethylene based styrene divinylbenzene anion
exchange membrane is used for the study. The detail for membrane preparation is included in the

supplementary information section.
Characterization of the membranes:

The membranes are characterized by the means of chemical, structural, mechanical, thermal and
electrochemical using different techniques. Details are included in the Electronic Supplementary

Information (ESI) section.
Ionic and electronic conductivity of the membranes:

Ionic conductivity measurements of the composite membranes are conducted on a
potentiostat/galvanostat frequency response analyzer (Auto Lab, Model PGSTAT 30) in water at
different temperatures ranging from 30 to 90°C. Before measurements all the membranes are

fully equilibrated with water. For the measurement the membranes are sandwiched between two
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circular stainless steel electrodes (1.0 cm?®). The membrane resistances were obtained from

Nyquist plots and the ionic conductivity (o) was calculated from equation [23]:

L (cm)

oW em™) = o A e

where L is the distance between the electrodes used to measure the potential, R is the resistance of the
membrane, and A is the surface area of the membrane.
The electronic conductivity of the dry membranes was measured with Keithley electro meter using

following equation:

o (@ lem™) = —Glgs()cir(:)n)

where [ is the thickness of membrane, G is the conductance of the membrane, and A4 is the surface area of

the membrane.

Methanol crossover resistance:
Resistance to methanol crossover for the membranes are evaluated by the measurement of the
methanol permeability with two compartment cell. Details of the experiment and formula used

are described in Electronic Supplementary Information (ESI) section.

Desalination by electrodialysis:

The performance of the prepared membranes is tested in a locally fabricated PVC based ED cell.
The effective area of the membranes during ED was 60 cm”. The scheme of the ED setup and the
membrane configuration in the cell are illustrated in Scheme 2, which consists of five
compartments. Precious titanium oxide based electrodes was used as cathode and anode. A DC
power source was used to apply constant potential across the electrodes and resulting current was
recorded using a Aplab L1285 power supply. During ED 600 cm® of 0.1 mol dm™ NaCl feed
solution was re-circulated at 3 L/h through the dilute (DC) and concentrated compartments (CC).
The CC was adjacent to the electrode wash (EW) compartments in which 500 cm™ of 0.1 mol
dm’ Na,SO4 was circulated at 3 L/h. The ion concentration from each compartment was
determined by a conductivity and pH measurements of the DC and CC during the ED process.
The volume change in each reservoir was also recorded during the experiment. The
performances of the prepared membranes were analyzed in terms of flux, current efficiency and

energy consumption calculated by the following equations [6];
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where 7 is the current efficiency, F is Faraday constant, V is the volume of the dilute (dm™), C,
and C; are the concentration of dilute compartment at zero time and time ¢, A4 is the effective
membrane area, P is the power consumption, 7 is the stoichiometric number (n = 1 for NaCl), n.

is the number of cell pair, U is the applied voltage and / is current (A).

Results and discussion:

Structural and chemical characterization:

The graphite is converted into the GO by modified Hummer’s methods and confirmed by the
XRD and FTIR analysis. XRD spectra of GO showed the diffraction peak at 11.31° while
diffraction peak for graphite appeared at 26.05° well matched with the literature (Fig. 1)[24, 25].
The interlayer spacing of GO increased by 7.81 A to the initial value 3.4 A for graphite. Also it
can be seen from the fig that peak shifts towards left and becomes broader which is due to the
addition of functional groups at GO. The presence of a range of reactive groups such as carboxyl,
hydroxyl, epoxy etc. on GO can be confirmed by FTIR analysis as shown in Fig. 2. FTIR spectra
of prepared GO shows O-H stretching at 3402 cm™, C=0 stretching at 1717 cm™, 1624 cm™ and
C-O stretching at 1051 cm™[25]. The presence of sulfonic acid groups in PES is confirmed by
the FTIR analysis and the degree of sulfonation is found to be 60-65 % as confirmed by 'H NMR
[26]. The interaction between polymer and GO is also determined by FTIR spectra. Fig. 2
illustrates the FTIR spectra of SPES and SG-10 membranes. The addition of functional groups is
more in SG-10 as compared to the SPES. This is due to the presence of GO in SG-10 membrane
which adds reactive groups onto the membrane matrix. XRD diffraction graphs of SPES and SG-
10 membrane are shown in Fig. S-1. The diffraction peak for SPES and SG-10 membrane are
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found to be at 22.21° and 17.96° respectively, the shift in peak is due to the presence of GO in
SPES matrix.

Fig. 3 shows the AFM, SEM and TEM images of GO. All three analysis shows that GO have the
flakes like structure. Fig. 4 (A, B & C) shows the 3 dimensional AFM images of prepared
membranes. Surface roughness of each membrane was calculated using NT-MDT software
which varies from 6.5 nm to 24.35 nm for SPES and SG-10 membrane respectively. Thus it
reveals the increasing roughness value of membranes with increasing the amount of GO. Fig. 4
(D, E, F & G) shows the SEM images of SPES, SG-1, SG-5 and SG-10 membranes. Cross-
sectional views of composite membranes demonstrate layered structure of dispersed GO sheets
into the SPES matrix. TEM images of GO composite membranes at different magnifications are
shown in Fig. 4 (H, I & J). The transparency of images shows the interaction between SPES and

GO, and the uniform dispersion of GO into the SPES matrix (Fig. 5).

Thermal and mechanical characterization:

Characterization of thermal properties of GO and nanocomposite membranes was done by using
TGA. Fig S-2 shows the TGA and DTG curve for GO powder. Three step weight losses can be
observed from the graph at 85, 215 and 293°C (as obtained from DTG curve). Fig S-3
demonstrates the TGA and DTG graphs of composite membranes respectively. As obtained by
DTG graphs the maximum degradation temperature was found to be between 500-600°C. Other
two weight losses are observed in the range from 200-300°C and 400-450°C respectively. There
is a gradual decrease in the thermal stability of membranes as the amount of GO increases which
may be due to the presence of carboxyl and hydroxyl groups on GO's surface. The change from
200 to 300°C is attributed to the degradation of functional groups present in membrane [22].
Thermal degradation from 500 to 600°C can be described by decomposition of the back bone of
polymer chains. DSC graphs of GO composite membranes are shown in Fig S-4 for all the
prepared membranes. The melting peak of composite membranes shifts towards the higher
temperature side by incorporating the GO amount into the SPES matrix. The thermo-mechanical
studies of composite membranes are performed by DTMA analysis as shown in Fig. S-5. Fig.
shows that the storage modulus and temperature of Tan (0) increases by increasing the GO
content into the membrane [27, 28]. The GO flakes are working as the fillers for SPES matrix
and decreasing the pore size of the membrane, which provide the higher mechanical as well as

thermal stability.
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Electrochemical properties:

Water uptake (WU), dimensional stability (DS) and IEC are important parameter for ion
exchange membrane. Table 1 show the WU, DC and IEC values of each membrane. The IEC of
the composite membrane decreases slightly due to GO content into the membrane matrix and
approached to 1.27 meq./gm [18]. The presence of carboxyl, hydroxyl group in the GO maintain
the IEC of the membranes. As can be seen from the table, WU increases from lower to higher
GO concentration (from SPES to SG-10). SG-10 (10% GO) shows the maximum water uptake
i.e. 15.19%. The important factor of the membrane is swelling, which decreases by incorporating
the GO content in the SPES. This may be due to the reduction of pore size in the membrane as
GO is acting as the filler. The bound water into the membrane is found to be increased by GO
content, as calculated by TGA analysis of the membrane between 100-150 °C. SPES membranes
shows the lowest bound water content in comparison with all membranes while highest bound
water in SG-10 composite membrane, more bound water in membrane maintain higher water

retention ability.

Ionic and electronic conductivity:

In Table 1 the values of ion conductivities are shown for different membranes. The ionic
conductivities of composite membranes are calculated by Nyquist plot. In the ionic
conductivities of the GO/SPES membranes, with the GO particles introduced into the SPES
matrix, the ionic conductivity of the GO/ SPES membranes was increased regardless of the
amounts of GO particles [29, 20]. The increment in the conductivity is due to the presence of
carboxyl and hydroxyl groups present in GO particles. The effect of temperature on ionic
conductivity is studied from 30 to 90°C, on increasing the temperature the conductivity of the
membranes also increases due to the higher ionic diffusion at higher temperature as shown in
Fig. 6. Electronic conductivity of the composite membranes decreases as the GO content
increases in SPES matrix. SG-10 membrane has the lowest value. Since addition of GO increases
the insulating groups to the membranes but at higher concentration agglomeration occurs which

prevents higher electronic conductivity of the composite membranes as shown in Table 1.

Methanol permeation (Pyy) resistance and selectivity of hybrid membranes:
Low methanol permeation with high proton conductivity is the basic requirement for proton

exchange membrane for DMFC application. Methanol permeability of SPES and GO/SPES
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membranes is shown in Fig. 7. It can be seen that the methanol permeability of composite
membrane decreased with increment of GO content. The GO is acting as the blocking agent for
methanol and reducing the free volume of the composite membranes [18]. The interaction
between GO and SPES restricts the formation of the channels in membranes, which leads to low
methanol permeability. The methanol permeability for the SPES membrane is found to be 1.827
X 107 em’S™, which reduces to 1.44 X 107 em®S™ for SG-1 and 1.412 X 10”7 em’S™ for SG-5
membranes. Finally the methanol permeability value for SG-10 reached to 1.345 X 107 em®S™.
We also calculate the selectivity of the membrane. For the SPES it is found to be 1.724 X 10°,
which enhanced in composite membranes and further reached to 6.321 X 10° for SG-10
membrane. The low methanol permeability and high selectivity of SG-10 membrane makes it

applicable for fuel cell.

Electrodialytic performance of composite ion exchange membranes:

Current-Voltage (i-v) characteristics for different composite membranes are studied in
equilibration with 0.1 M NaCl solution and depicted in Fig. 8. The i-v curves shows three typical
characteristic regions, viz., Ohmic, plateau and non-Ohmic which reveal the information about
the ion transport and concentration polarization phenomenon across the ion-exchange
membranes [30, 31]. In ohmic region the current density increases with applied potential due to
presence of large number of ions, in plateau region current density remains constant with applied
potential and in non-ohmic region or over-limiting region ions get depleted causing water
splitting and high current density. AV (plateau length), Ai, and /;n values for composite
membranes are calculated from Fig. 8 and presented in Table 2 [31]. For SPES/GO membranes
the plateau length and Ai values increases with the increase in GO content. Relatively higher AV
and Ai values for membranes with high fixed charge concentration indicates their high electro-
transport of counter ions from the diffusive boundary layer to the membrane matrix and thus
results in higher current for concentration polarization (/). The transport of counter ions
through an ion-exchange membrane leads to the difference in counter ion concentration on the
two membrane surfaces, which in turn creates concentration polarization [32]. The SG-10
membrane shows superior electro-transport properties and can be used for the water desalination.
Electro-dialysis (ED) experiments are performed to assess the suitability of the developed
membranes for the water desalination. Experiments were performed at constant applied potential
(2.0 V/Cell pair) using 0.1 mol dm™ NaCl solution as feed for both of DC and CC and Na,SOy,

solution (0.1 mol dm™) through both electrode rinse compartments, in the recirculation mode.
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The suitability of developed membranes for desalination applications are assessed in terms of
estimating current efficiency and energy consumption for salt removal. Variation in current with
time during the ED experiment for different membranes is presented in Fig. 9(A). Current at the
constant applied potential decreases with time as the ions migrate from DC to CC as shown in
figure. The time versus concentration profile for DC during electrodialysis is shown in figure
Fig. 9(B). The concentrations of DC depleted with time in the linear fashion. The concentration
of DC depleted faster with SG-10 membrane than other due to its higher ionic conductivity that
facilitate the transport of ions from one compartment to another. The concentration of DC
decreases from 0.1 — 0.009 mol dm™ in 118 minute with SG-10 membrane while it takes 160
minute time with SPES membrane for same concentration (Fig. 9(B)). The change in the
conductivity of DC and CC are shown in Fig. 9(C), as conductivity of DC decreases its increases
for CC. The decrement in conductivity of DC with SG-10 membrane is faster than SPES due to
its higher ionic conductivity. No remarkable change is recorded in pH during electrodialysis
experiments.

Flux for NaCl migration from DC can be obtained by equation 1, considering negligible mass
(water) transport through membranes. Table 3 shows the NaCl flux for different composite
membranes at constant potential. Ionic flux across the composite membranes followed the trend:
SG-10 > SG-5 > SG-2 > SG-1> SPES. This observation suggested that the rate of ion transport
across SG-10 is higher than others. Table 3 shows the power consumption and current efficiency
data to evaluate the performance of composite membranes. It is observed that P decreased, while
CE increased with the increase in GO content in the membrane matrix. Efficiency parameters (J,
P and CE) depend on operating conditions of ED cell as well as nature and electrochemical
properties of membranes. The CE and P for the SG-10 membrane are found to be 97.4% and
4.30 kWh kg-1 respectively, while 87.1% and 5.4 kWh kg-1for SPES membrane which shows

the potential of the composite membrane for electrochemical devices.

Conclusion:

Graphene oxide nano sheet of 0.264 pum” have been successfully synthesised by modified
Hummer’s methods. The elastic modulus value for SG-10 composite membrane is found to be
2.9 GPa, which is 35% higher than SPES membrane similarly 16 % gain is observed in glass
transition temperature which is 240 °C for SG-10. The increase in ionic conductivity with
temperature measurements revealed that GO did not affect the phase separated morphology or

the ion conduction mechanism, which is also supported by thermo gravimetric analysis. The high
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ionic conductivity of the GO/SPES nano-composite membrane is from the chemical interactions
between GO/SPES, and also the presence of different oxygen functionalities on GO, which
markedly enhanced ionic transport. Fig. 10 summarized the influence of GO on different
membrane properties relevant for electrochemical application. SG-10 composite membranes
demonstrated the highest ionic conductivity and selectivity that is 6.4 x 102 Scm™ and 6.27 x 10
cm’ S™ respectively. The value for ionic conductivity is 2.74 times and selectivity is five times
higher than that of SPES which are 2.34 x 10% Sem™ and 1.28 x 10°> cm? S respectively. The
power consumption and current efficiency values during salt removal using SG-10 membrane are
calculated to be 4.3 kWhkg" and 97.4% respectively while ionic flux across the membrane is
calculated to be 3.51 mole m™ h™. Power consumption is 20% lower and 12 % higher current
efficiency is achieved compared to SPES membrane. According to the results the nano-
composite membrane is highly stable and shows the higher ionic transport efficiency.
Incorporation of GO in SPES is confirmed to be excellent scheme to enhance the transport and

mechanical properties of SPES membranes.
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Fig.1: XRD patterns for Graphite and Graphene Oxide



Page 15 of 23

% T

RSC Advances

GO

|
2362 1624

31

2176
2593 236822 6

2926 1051

3902

2690

17714
2444 2038

1916

SPES

798

022 io 691 558

66592 463

420

4000.0 3600 3200 2800 2400 2000 1800 1600 1400 1200 1000 800 600

-1
cm

Fig. 2: FTIR spectra of GO, SPES and SG-10 Membrane



RSC Advances Page 16 of 23

Heght, am

200nm
Signal A=SE1  EH Signal A=SET  EH 8.00kV Mag= 36.63KX WD= 12mm Chamber= 5.28¢-001 Pa

o2

Fig. 3: AFM (A, B), SEM (C, D) and TEM (E, F) images of Graphene Oxide at different
magnifications.



Page 17 of 23 RSC Advances

SRR s

Fig. 4: AFM images of (A) SPES (B) SG-1 (C) SG-10, SEM images of (D) SPES (E) SG-1
(F) SG-5 (G) SG-10 and TEM images (H), (I), (J) of Graphene Oxide/SPES composite at
different magnifications.
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Fig. 5: Photograph of SPES and different composite membranes
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Fig. 6: Arrhenius plot of conductivity vs. temperature for different membranes
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Fig. 7: Methanol permeability (Pys) and selectivity (S,) for different membranes
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Fig. 8: Current -voltage (I-V) curve for different membranes
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Fig. 9 (A): Time -current curve for different membranes
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Fig. 9(B): Changes in salt concentration during electrodialysis experiment
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Fig. 9(C): Changes in conductivity of C.C. and D.C. and pH during electrodialysis
experiment
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Table 1: Ion exchange capacity (IEC), water uptake (%), counter ion transport number (t,),
bound and free water (%), dimensional stability, ionic conductivity and electronic
conductivity for different membranes

Membrane IEC Water  Transport Bound  Free  Dimensional Ionic Electronic
Type (meg/gm) uptake number  water % Water Change % Cond.x Cond. x 1072
% (tm) % 10°° (S/cm)
(S/cm)

SPES 1.40 12.12  0.87 0.32 11.8 19.54 2.34 2.544
SG-05 1.395 13.62  0.90 0.20 1342 16.18 3.87 0.612

SG-1 1.39 1220 091 0.10 12.10 12.52 3.435 0.416

SG-2 1.37 13.71  0.93 0.67 13.04 4.55 4.177 0.177

SG-5 1.334 13.87  0.93 0.46 1341  6.28 5.772 0.084
SG-10 1.27 1519 0.96 0.64 14.55 7.55 6.4 0.051

Table 2: AV, Ai and I, values for different membranes calculateded from Fig. 8.

Membrane AV (V) Ai (mAcm?) [, (mAcm™)
SPES 3.10 2.67 5.20
SG-1 3.11 3.11 5.85
SG-2 3.34 4.72 6.20
SG-5 3.61 4.84 6.30
SG-10 3.73 4.39 6.39

Table 3: Desalination performance of different prepared membranes

Membrane Flux/mole P/kW h
Type m~h’ n kg salt
SPES 2.94 87.1 5.40
SG-1 3.27 91.0 4.85
SG-2 3.42 91.8 4.60
SG-5 3.51 93.7 4.44
SG-10 3.71 97.4 4.30
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Different membrane properties by inclusion of Graphene oxide content




